The ubiquitous food contaminant cadmium has features of an estrogen mimetic that may promote the development of estrogen-dependent malignancies, such as breast cancer. However, no prospective studies of cadmium exposure and breast cancer risk have been reported. We examined the association between dietary cadmium exposure (at baseline, 1987) 
Introduction
Breast cancer is the most prevalent malignancy and the leading cause of death from cancer among women (1) . Many of the established risk factors for breast cancer are linked to lifetime exposure of estrogens (2) . Therefore it is proposed that estrogen-mimicking contaminants contribute to the high breast cancer incidence in Western populations, although data in humans are scarce (3) . The food contaminant cadmium was recently discovered to possess estrogen-mimicking effects in vivo (4) . In line with these findings, we observed in a large population-based prospective cohort of women, a statistically significant positive association between dietary cadmium exposure and risk of endometrial cancer (5), the cancer form most strongly related to estrogen exposure (6) .
Cadmium has been widely dispersed into the environment through industrial emission, waste incineration, and combustion of fossil fuels. Even in industrially nonpolluted areas, farmland may become contaminated by atmospheric deposition and by the use of cadmium-containing fertilizers and sewage sludge (7) . The highest concentration of cadmium in food is found in shellfish, offal products, and certain seeds; however, because of a comparatively high accumulation of cadmium in agricultural crops and a high consumption of these products, the main sources of dietary cadmium exposure (80%) are bread and other cereals, potatoes, root crops, and vegetables (8) . Cadmium has been classified as a human carcinogen by the International Agency for Research on Cancer (IARC, Lyon, France) and administration of the metal to animals results in tumors of multiple organs and tissues (9) . Cadmium may induce cancer by several mechanisms, such as aberrant gene expression, inhibition of DNA damage repair (10) , induction of oxidative stress (11, 12) , and inhibition of apoptosis (13) . In addition, both in vitro and in vivo studies provide evidence that cadmium may act as a metalloestrogen (4, (14) (15) (16) (17) (18) . Estrogen-mimicking effects of cadmium on mammary gland, showed at environmentally relevant doses in ovariectomized rats, include increased formation of side branches and alveolar buds and an induction of a secretory differentiation (4) . Mechanistically, cadmium has been shown to bind the nuclear estrogen receptor (ER)-a and appears to interact with its hormone-binding domain (19, 20) . Recently, cadmium was shown to activate membrane-bound estrogen receptors (21, 22) , indicating an alternative way of action even in the absence of nuclear ERs. The hypothesized role of cadmium in the development of breast cancer has been supported by a few small case-control studies where urinary cadmium was positively associated with risk of breast cancer (23, 24) . Recently, a cross-sectional study lent further support to this hypothesis by observing an association between urinary cadmium and mammographic density (25) . Because risk factors, especially reproduction-related exposures and postmenopausal obesity, differ by ER status of the tumor (26) , examining the association between cadmium exposure and these subtypes may provide further insights on possible hormone disruption by cadmium.
The aim of the present study was to assess whether dietary cadmium exposure is associated with increased risk of overall and specific hormone-dependent subtypes of postmenopausal breast cancer, defined by ER status (þ or À) of the tumor. The associations were examined in a large population-based prospective cohort of Swedish women.
Methods

Study population
The Swedish Mammography Cohort was established in 1987 to 1990 in V€ astmanland and Uppsala counties in central Sweden when all women born between 1914 and 1948 were invited to a mammography screening (n ¼ 90,303). A mailed, self-administered questionnaire concerning diet, lifestyle, and reproductive factors was completed by the participants; response rate being 74%. Information on history of oral contraceptive use, postmenopausal hormone use, and age at menarche and menopause was obtained from a supplemental questionnaire from the women in Uppsala county (54% of the cohort). In 1997, a second questionnaire was sent to all cohort members to gain information on smoking status and details on reproductive factors; response rate being 70%. The study was approved by the Regional Ethical Review Board in Stockholm, Sweden. Obtained written information about the study and a returned completed questionnaire were considered to imply informed consent.
Women with incorrect or missing national registration number, those who reported implausible values for energy intake (mean AE 3 SD value of log e -transformed energy intake), and those with a previous cancer diagnosis before baseline were excluded. Because diabetes may increase the risk of breast cancer (27) and the dietary advice given to diabetics includes high consumption of foods high in cadmium, we excluded 2,543 women with diabetes mellitus from the cohort. Because a potential estrogenic effect of cadmium could be masked by the effect of endogenously produced estrogens from the ovaries, we restricted our analyses to postmenopausal women. Thus, enrollment, that is, time at risk was counted from baseline (1987) (1988) (1989) (1990) for participants who were postmenopausal at that time (n ¼ 30,825), otherwise enrollment was counted from the date of self-reported cessation of menstruation during follow-up, given that they remained at risk (n ¼ 27,705). If menopausal status was not reported, we classified women as postmenopausal if they had had bilateral oophorectomy (information from the National Hospital Discharge Registry) or were 55 years old or older (approximately 90% of the cohort were menopausal before that age). Hence, the analytic cohort for the primary analyses consisted of 55,987 postmenopausal women.
Assessment of dietary cadmium and covariates
Dietary intake was assessed by a 67-item food frequency questionnaire (FFQ) at baseline, [1987] [1988] [1989] [1990] . The average frequency of consumption of each food item was reported using 8 predefined frequency consumption categories, ranging from never/seldom to 4 times a day. The consumption of bread and milk was assessed by open-ended questions. In a validation study of 129 women randomly selected from the cohort, Pearson correlation coefficients (r) between the FFQ and the mean of four 1-week weighted diet records ranged from 0.5 to 0.8 for the main cadmium-contributing food items (r ¼ 0.5 for whole grain bread, r ¼ 0.6 for breakfast cereals, r ¼ 0.5 for potatoes, r ¼ 0.5 for root crops, r ¼ 0.8 for cabbage, and r ¼ 0.6 for spinach).
We estimated the average daily exposure to dietary cadmium by multiplying the frequency of consumption by the agespecific portion sizes (based on 5,922 weighed food records kept by 213 randomly selected women from the study area) and the average cadmium content in each food item (based on national screening data). For the vast majority of foods, the National Food Administration provided us with data on the food cadmium content (28) (29) (30) . For pepper, spinach, leek, and citrus fruits, we used Finnish and Danish data (31) (32) (33) . Exposure from air contributes to less than 1% (34) and communityprovided tap water and water from private wells contribute on average with 0.2% (35) of the total cadmium exposure and was thus ignored. On the basis of the reported weight and height, we calculated the body mass index (BMI) as weight (kg) divided by height 2 (m 2 ). The link between long-term dietary cadmium intake and urinary cadmium concentrations, reflecting the long-term kidney accumulation of the metal (36), has been established in 680 never-smoking women from the Swedish Mammography Cohort using a toxicokinetic model (8) . Cross-classification of FFQ-estimated dietary cadmium and urinary cadmium concentration resulted in 51% sensitivity and 58% specificity. The Pearson correlation coefficient was 0.1 when accounting for within-person variability in the FFQ-based estimates of cadmium but not for the exponential shape of the elimination rate (see Supplementary Material).
Identification of breast cancer cases and follow-up of the cohort
Histologically confirmed cases of invasive breast cancer were identified by linkage of the cohort to the National Cancer Registry, close to 100% complete (37) . Information about ER status of the tumor was obtained from pathology logs at the Uppsala University Hospital, Uppsala, Sweden (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) and from the Quality Registry at the Regional Oncology Centre in Uppsala (1994 Uppsala ( -2008 . Prior to 1998, all classification of ER status was made with an Abbott immunoassay; cases with !0.1 fmol/mg cytosol DNA were considered ER þ . Thereafter, an immunohistochemical method was used; a proportion of positive cells more than 10% was defined as ER þ.
All incident cases of invasive breast cancer were ascertained from start of follow-up through December 31, 2008. However, start of follow-up differed between the two counties (1987) (1988) (1989) (1990) in Uppsala county and January 1, 1998, in V€ astmanland county) because routine assessment of tumor subtypes was introduced in V€ astmanland county first during 1997. Dates of death were ascertained by linkage to the Swedish Death Registry.
Statistical analysis
Rate ratios (RR) and 95% confidence intervals (CI) were estimated with Cox proportional hazards regression models with attained age (1-year units) as the timescale. Follow-up was censored at date of invasive breast cancer diagnosis, death, or December 31, 2008, whichever occurred first. The estimated daily cadmium intake was adjusted for total energy intake of 1,700 kcal (mean of the cohort) using the residual regression method (38) and then categorized into tertiles. In the multivariable analysis, we adjusted for attained age, height, BMI, education, use of oral contraceptives and postmenopausal hormones, age at menarche and menopause, parity, age at first birth, alcohol consumption, glycemic load, and total energy intake. We further adjusted for whole grains and vegetables, foods that could possibly attenuate the observed association. The Schoenfeld's residual test indicated no violation of the proportional hazard assumption. Linear trends across categories were tested using the median cadmium values within categories as a continuous variable. Missing values-treated as a separate "missing category" in the models-were generally very low with the exception of use of oral contraceptives and postmenopausal hormones and age at menarche ($20%), To evaluate a potential effect of missing values on the observed results, we used multiple imputation using chained equations with 30 imputated data sets (39) .
We next conducted a probabilistic sensitivity analysis (40, 41) to assess the impact of exposure misclassification on the observed RRs. The sensitivity and specificity of the exposure ranged from 50% to 60% (Supplementary Material). Therefore, on the basis of 10,000 simulations, we specified uniform distributions with equally probable values between 50% and 60% for both sensitivity and specificity (nondifferential exposure misclassification).
Models were stratified by categories of BMI and use of postmenopausal hormones as sources of endogenous and exogenous estrogens. We also examined the association between cadmium and breast cancer by strata of total whole grain and vegetable consumption as well as the association between tertiles of dietary cadmium, total whole grain and vegetable consumption, and breast cancer risk.
All reported P values are 2-sided; P values below 0.05 were considered statistically significant. All statistical analyses were conducted using STATA software version 10 (StataCorp).
Results
During an average of 12.2 years of follow-up (712,075 person-years), we ascertained 2,112 incident cases of breast cancer among the 55,987 postmenopausal women. Information on ER status was available for 1,916 cases (1,626 ER þ and 290 ER À ). The mean estimated energy-adjusted cadmium intake in the cohort was 15 mg/d AE 3.2 (SD). The major contributors to the dietary cadmium intake were whole grain foods (31%), refined grain (20%), potatoes (18%), and vegetables including root vegetables (12%), as compared with offal products, meat, and shellfish (4%, 4%, and 3%, respectively). Women in the highest tertile of cadmium intake were more likely to have a postsecondary education and had about a 2-fold higher consumption of whole grain and vegetables than those in the lowest tertile of cadmium intake ( Table 1) . Women in the highest tertile (37%) were also slightly more likely to be never-smokers than women in the lowest tertile (31%; based on information from 1997). The incidence rate difference comparing the highest with the lowest tertile of dietary cadmium exposure was 19 per 100,000 person-years (Table 2 ). Dietary cadmium intake was, after full multivariable adjustment, associated with a statistically significant RR of 1.21 (95% CI, 1.07-1.36; P trend ¼ 0.02) of overall invasive breast cancer, comparing the highest tertile with the lowest ( ), >12 years of education (yes, no), use of oral contraceptives (yes, no), use of postmenopausal hormones (yes, no), age at menarche (<13, 13, >13 years), age at menopause (>51, 51 years), parity (nulliparous, 1-2, >2 children), age at first birth (nulliparous, <26, 26-31, ! 31 years), alcohol consumption (nondrinker, <3.4, 3.4-10, ! 10 g/d), glycemic load, and total energy intake. Because dietary cadmium was correlated with the consumption of whole grain and vegetables (r ¼ 0.41 with whole grain, r ¼ 0.49 with vegetables, and r ¼ 0.59 with total whole grain and vegetable consumption), we examined the joint relationship between cadmium exposure, whole grain and vegetable consumption, and breast cancer risk. The risk of postmenopausal breast cancer increased with increasing cadmium intake within each tertile of total whole grain and vegetable consumption: For overall breast cancer, the RR per 5 mg/d increment in dietary cadmium intake was 1.17 (95% CI, 1.01-1.36) in the lowest, 1.21 (95% CI, 1.03-1.41) in the middle, and 1.15 (95% CI, 1.02-1.29) in the highest tertile of whole grain and vegetable consumption. In further analyses based on tertiles of both cadmium exposure and whole grain and vegetable consumption (Fig. 1) , we observed an increased risk of breast cancer with increasing dietary cadmium exposure and with decreasing consumption of whole grain and vegetables. The RR for overall breast cancer was 1.60 (95% CI, 1.28-2.00) among those within both the highest tertile of cadmium intake and lowest tertile of whole grain and vegetable consumption compared with the reference (low intake of cadmium and high consumption of whole grain and vegetables). There was no interaction on a multiplicative scale (P interaction ¼ 0.73). Similar results were observed for ER þ tumors, whereas the interpretation of the results for ER À tumors was limited by the small number of cases.
Discussion
In this large population-based prospective cohort of postmenopausal women, estimated dietary cadmium was associated with an increased breast cancer incidence. Results by ER subtype were fairly similar, although not statistically significant for ER À . The associations were more pronounced when taking the consumption of whole grain and vegetables into account, foods that account for about 40% of the dietary cadmium exposure, but that are also important sources of phytochemicals with proposed anticarcinogenic properties. We undertook several steps in the analysis to reveal the possible estrogenic effects of cadmium. First, we restricted the analysis to include only postmenopausal women to avoid the effect of ovary-produced estrogens. Second, because estrogen is mainly produced in adipose tissue after menopause and estrogen-related exposures such as BMI are associated specifically with ER þ tumors (42) (43) (44) , the analysis was stratified by BMI. This stratification revealed a slight increase in point estimates for ER þ tumors in normal weight women but not for ER À tumors.
Some of the major contributors to dietary cadmium (whole grain and vegetables) are also the major dietary sources of fiber, phytoestrogens, and antioxidants, proposed to have anticarcinogenic properties (26) and inversely associated with breast cancer in some studies (45) (46) (47) (48) , but not all (26, 49, 50) . It could be hypothesized that the observed association between dietary cadmium exposure and breast cancer in the present study may partly be masked by the , cont.), >12 years of education (yes, no), use of oral contraceptives (yes, no), use of postmenopausal hormones (yes, no), age at menarche (<13, 13, >13 years), age at menopause (>51, 51 years), parity (nulliparous, 1-2, >2 children), age at first birth (nulliparous, <26, 26-31, !31 years), alcohol consumption (nondrinker, <3.4, 3.4-10, !10 g/d), glycemic load, and total energy intake and intake (g/d) of whole grain and vegetables in tertiles. consumption of whole grain and vegetables, as adjusting the models for these foods resulted in a considerable increase of the risk estimates for dietary cadmium intake. Stratified analysis revealed, within each tertile of total whole grain and vegetable consumption, a clear dose-dependent increased risk of postmenopausal breast cancer with increasing cadmium exposure, supporting that our results were not due to collinearity. When we examined the risk in tertiles of cadmium and whole grain and vegetable intake jointly, we observed the highest risk of breast cancer in relation to diets high in cadmium and low in whole grain and vegetables, whereas the lowest risk was observed for diets low in cadmium and high in whole grain and vegetables. Two previous reports of case-control studies have assessed the risk of breast cancer among pre-and postmenopausal women in relation to cadmium exposure, assessed as the cadmium concentration in urine (23, 24) . McElroy and colleagues observed in the study of 246 cases, a multivariable adjusted OR of 2.29 (95% CI, 1.3-4.2) comparing the highest quartile of urinary cadmium versus the lowest. The second study, conducted by Gallagher and colleagues, examined the association between cadmium and breast cancer in 2 casecontrol samples from the United States, consisting of 100 and 98 cases, respectively. In both samples, increased ORs were observed (2.69; 95% CI, 1.07-6.78 and 2.5; 95% CI, 1.11-5.63, respectively) comparing the highest quartile of urinary cadmium with the lowest. Information on hormone receptor subtype was however not available in any of the above mentioned studies.
The strengths of our study include the prospective, population-based design, a large number of cases, detailed information on diet, and data on ER status of the breast tumors. Furthermore, we restricted the analysis to postmenopausal women and were able to adjust for many potential confounders. The prospective design excluded risk for differential recall bias affecting estimates of cadmium intake. The nearly complete follow-up of the study population through linkage with various population-based registers (37) minimized the possibility that our results could be affected by differential loss to follow-up.
Several limitations may be present in this study. Most important is whether the estimated intake of cadmium provides a valid measure of exposure. Dietary cadmium was estimated using national data on cadmium content in foods and a self-administrated FFQ. Such assessment of the cadmium exposure leads to nondifferential misclassification of the exposure. Indeed, when we compared the FFQ-estimated dietary cadmium intake with urinary cadmium concentration, reflecting the long-term kidney accumulation of the metal (36), the observed correlation was low. However, our sensitivity analyses, taking into account the misclassification of the exposure, indicated that the observed associations are likely biased toward the null, so that the true association is even stronger.
We observed positive associations between estimated dietary cadmium and breast cancer which remained after controlling for possible dietary confounders such as glycemic load, speaking against that the estimated cadmium intake represented some other aspect of diet. Although controlling for . Adjustments were made for attained age in years, height, BMI, education, use of oral contraceptives and postmenopausal hormones, age at menarche and menopause, parity, age at first birth, alcohol consumption, glycemic load, and total energy intake. In the lowest tertile of whole grain and vegetable intake, the daily consumption corresponded to, on average, 1.5 servings of whole grain and 1 serving of vegetables, whereas the corresponding consumption in the highest tertile was 3. Cancer Researchseveral breast cancer risk factors, like all studies, this study could be subject to unmeasured confounding. Despite a large study population, the low number of cases after stratifications led to restricted statistical power and less precise risk estimates in some analyses.
In conclusion, in line with previous case-control studies (23, 24) based on biomarker of cadmium exposure, we observed in this large population-based prospective cohort a positive association between dietary cadmium exposure and risk of postmenopausal breast cancer.
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